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Quantitative changes in the canine glomerular vasculature during
development: Physiologic implications. The apparent discrepancy be-
tween functional glomerulotubular balance and morphologic glomerular
preponderance observed in developing animals has prompted us to
reexamine the changes in glomerular geometry that occur as a function
of age. In both superficial and juxtamedullary nephrons, calculations of
the glomerular corpuscular volume made from measurements of diame-
ter underestimated the increase in glomerular capillary volume. The
measurements were obtained with a new method based on neutron
activation of the chromium contained in a silicone rubber compound
injected into the renal vasculature. The glomerular capillary surface
area (SA0c) of the juxtamedullary nephrons fell from 0.112 (sEM)
0.029 to 0.064 0.011 mm2 between I and 3 weeks of age and rose
thereafter to 0.417 0.026 mm2 in the adult. No superficial glomeruli
were detectable in 1-week-old puppies. Between 3 weeks and adult-
hood, the SA0 of the superficial nephrons rose from 0.033 0.005 to
0.370 0.014 mm2. Values in both superficial and juxtamedullary
glomeruli observed at 6 weeks were midway between those found at 3
weeks and adulthood. The increase of about 10-fold in the superficial
nephron SAGC appears to represent the major determinant of the 25-
fold increase in single nephron glomerular filtration rate observed
during development. Changes in the size of the glomerular arterioles
were small, indicating that the overall fall in renal vascular resistance
known to occur during maturation is due predominantly to the genesis
of new nephrons in the superficial cortex, which act as resistors in
parallel.
Modifications quantitatives des vaisseaux glomerulaires au cours du
développement: Implications physlologiques. La discordance apparente
entre un dquilibre glomérulo-tubulaire fonctionnel et la prépondérance
morphologique du glomérule observde chez les animaux en cours de
ddveloppement nous a incite a rCCvaluer les modifications de Ia
geométrie glomerulaire qui survient en fonction de l'âge. Dans les
nCphrons superficiels et juxtamddullaires le calcul du volume gloméru-
laire a partir de mesures de diamCtre sous-estime l'augmentation du
volume capillaire glomCrulaire qui peut être obtenu par une nouvelle
méthode fondCe sur l'activation neutronique du chrome contenu dans
les élastomCres de silicone injectC dans les vaisseaux rénaux. La
surface capillaire glomerulaire (SAGC) des néphrons juxtamCdullaires
diminuentde0,1l2 (sEM)0,029a0,064 0,011 mm2de 1 à3 semaines
puis augmentantjusqu'a 0,417 0,026 mm2 chez l'adulte. II n'a pas CtC
dCtecté de glomérule superficiel chez des choits de 1 semaine. Entre 3
semaines et l'kge adulte SA0c des nephrons superficiels augmente de
0,033 0,005 a 0,370 0,014 mm2. Les valeurs observCes fi 6 semaines
dans les glomCrules superficiels et juxtamédullaires étaient intermd-
diaires entre celles obtenues a 3 semaines et a l'âge adulte. L'augmenta-
tion de 10 fois de SA0 des néphrons superficiels représente le
determinant majeur de l'augmentation de 25 fois de Ia filtration gb-
merulaire observCe au cours du développement. Les modifications de
taille des arterioles du glomCrule étaient minimes, ce qui indique que la
diminution de Ia résistance vasculaire rénale, dont on connait la
survenue au cours de Ia maturation, est due essentiellement a Ia genCse
de nouveaux nCphrons dans le cortex superficiel, nephrons qui agissent
comme des resistances en parallèle.
Based on the observation that during development the
glomerular diameter increases about 2-fold whereas the proxi-
mal tubule grows in length about 10-fold, several investigators
[1—4] have suggested that the kidney of the neonate is character-
ized by a morphologic glomerular preponderance, expressed
functionally by a higher capacity for filtration than for resorp-
tion or secretion [5—7].
This concept was challenged by the demonstration, in the
newborn of several species, that a proportionality obtains
between the amount of fluid filtered and the amount reabsorbed
in the proximal tubule (glomerulotubular balance) [8—101. One
possible explanation for the incongruity between the morpho-
logic and functional data would be the existence of a feedback
mechanism that keeps the rate of filtration appropriate to the
transport capacity of this segment of the tubule; another
explanation might be the overestimation of the glomerular
surface area available for, or used in the process of filtration.
That the latter might indeed be the case was suggested by
Spitzer and Brandis [8], who noted that the glomerulus of the
young animal contains fewer open capillary loops per unit of
surface area than does that of the adult. Because measurements
of glomerular diameter have been used to calculate glomerular
capillary surface area in the newborn [1, 2, 4], the results were
bound to overestimate its true value.
The studies of glomerular vasculature reported here were
performed with a new method based on the radioactivation of
chromium contained in a silicone rubber compound injected
into the renal vasculature. In addition, measurements of
glomerular arteriole diameters were made on photomicrographs
of thick slices prepared from the injected kidneys. The mea-
surements allowed us to quantify the changing relationship
between glomerular size and glomerular capillary surface area
and to estimate the impact of changes in the diameters of the
afferent and efferent arterioles on glomerular vascular resist-
ance during postnatal maturation.
Methods
Mongrel puppies, 1, 3, or 6 weeks of age, and adult dogs were
anesthetized with mactin, 25 mg/kg body wt, given i.v. as a
bolus, followed by smaller doses of the drug as necessary for
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Table 1. Diameters of glomerular arterioles and capillaries in puppies°
Age
weeks
Juxtamedullary glomeruli, Superficial glomeruli,
Afferent Efferent Capillary Afferent Efferent Capillary
1 (N = 4) 22.8 10.8 13.6 — — —
3 (N = 4) 19.8 15.4 11.6 14.4 11.8 10.4
6 (N = 4) 17.6 14.4 11.4 16.4 10.4
1 vs. 3 weeks >0.2 <0.01 >0.2 — — —
I vs. 6 weeks >0.1 <0.05 >0.2 — — —
3 vs. 6 weeks >0.5 >0.3 >0.9 >0.3 >0.2 >0.2
Values are the means SEM.
maintenance. The aorta was exposed through a left flank
incision, and the renal arteries and veins were identified. Loose
ties were then placed around the aorta, above and below the
renal arteries, and around each renal vein. A polyethylene
catheter (PE-50, Clay Adams) was advanced through the right
femoral artery until its tip was positioned between the two
aortic ties. The other end of the catheter was coupled via a
three-way connector to a mercury manometer and a Harvard
infusion pump. Following a stabilization period of 10 to 15 mm,
the four ties were tightened, an infusion of 1.5% glutaraldehyde
in Ringer's lactate was begun, and the renal veins were cut
proximal to the ligatures. The initial infusion rate was calculat-
ed to approximate the average renal blood flow (RBF) for the
age, as determined previously in this laboratory [11] and was
then adjusted to maintain the aortic pressure at the same level
as that observed during the equilibration period. The perfusion
rate required to maintain the appropriate aortic pressure was at
least 85% and no more than 115% of the estimated blood flow.
The kidneys were perfused with the fixative for 30 mm, after
which time they were uniformly pale and hard. The animals
were then sacrificed, and a mixture of five parts orange Microfil
MV-i 17 (Canton Biomedical Products, Boulder, Colorado),
four parts MV diluent, and 3% by volume catalyst (dibutylin
dilaurate) was injected at the same perfusion pressure. As soon
as the orange color was seen beneath the renal capsule, the
injection was halted and the catheter clamped. The kidneys
were left in situ for an additional half hour to allow the rubber to
cure. Thereafter, they were removed and cut transversely into
2- to 3-mm thick sections. The slices were dehydrated by
sequentially immersing them for 24-hour periods in 25, 50, 75%,
and absolute alcohol, and were then cleared and stored in
methylsalicylate containing 10% by volume of ethanol.
Fifty glomeruli from the superficial cortex and an equal
number from the deep cortex were examined in each animal.
Only those glomeruli containing silicone rubber in both the
afferent and efferent arterioles were selected for study. Mea-
surements of the glomerular tuft (Bowman's space and capsule
were not included), arteriolar, and capillary diameters were
performed with a caliper, on projections of transparencies.
These were obtained by photographing the cleared, thick slices
of Microffi-injected kidneys with a Nikon FTN camera mounted
on a Wild MS trinocular stereomicroscope. All glomeruli cho-
sen for examination were intact, none of the vessels being
sectioned. For the measurement of glomerular tuft diameter,
the arithmetic mean of four measurements made at 45° angles to
each other, corrected for enlargement, was taken as the glomer-
ular tuft diameter. The glomerular tuft was considered to be
spherical for the calculation of its volume. The capillary radius
of each kidney studied was considered to be equal to half the
mean width of four to five capillaries measured in each of 20 to
25 glomeruli.
For measurements of the glomerular capillary volume, the
glomeruli were microdissected from the superficial and juxta-
medullary cortex and were transferred to plastic vials that were
sealed after the methyl salicylate was made to evaporate. A
piece of silicone rubber, dissected from a large blood vessel,
was placed in a separate vial after it had been dried and
weighed. The three vials from each animal were then exposed
to a flux of 1012 neutrons cm2 sec for 4 hours.1 This
procedure resulted in the formation of radioactive isotopes of
the chromium pigment contained in the orange silicone rubber.
One week later, when the decay of the short lived isotopes was
complete, the samples were counted in a well gamma counter
(Intertechnique SL 40). The weight of the silicone rubber in the
glomeruli (Wt) was determined according to the formula:
C0Wt =
Sp Act x 50
where C0 = counts per 50 glomeruli and Sp Act = specific
activity of the silicone rubber. The conversion from weight of
silicone rubber found in each glomerulus to glomerular capillary
volume (Voc) was accomplished by correcting for the specific
gravity of dehydrated silicone rubber (0.631 [SEM] 0.052, N =
6). It was assumed that the specific gravity did not vary from
sample to sample.
Glomerular capillary surface area (SA0c) was calculated
according to the formula:
2 VGCSA0 =
rGc
where is the glomerular capillary radius. This formula was
derived by substituting the mathematical expression for the
'The neutron activation was performed at Brookhaven National
Laboratories under the supervision of Dr. D. C. Rorer.
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Table 2. Glomerular capillary volume (V0), surface area (SAGC), and surface density (Sv) in puppies and adult dogsa
Age
weeks
Juxtamedullary glomeruli Superficial glomeruli
V0
mm3 X
SA0c
mm2
Sv
mm2/mm3
VGC
mm3 x io-
SAGC
mm2
S
mm2/mm3
I (N = 4) 38.11 0.112 95.5 — — —
3 (N = 4) 18.74 0.064 127.1 8.65 0.033 101.4
6 (N = 4) 66.33 0.213 343.5 62.21 0.200 297.2
Adult (N = 2) 125.00 0.417 319.4 111.01 0.370 264.2
P values
1 vs 3 weeks <0.05 >0.1 >0.4 — — —
1 vs 6 weeks <0.05 <0.01 <0.01 — — —
3 vs 6 weeks <0.01 <0.01 <0.01 <0.001 <0.001 <0.001
6 wks vs adult <0.001 <0.001 >0.7 <0.001 <0.001 >0.4
Va1ues are the means SEM.
surface area of a cylinder (2irrL) into the formula for the volume
of a cylinder (irr2L) and rearranging the equation.
Statistical testing was done by analysis of variance, the
Duncan's modification of the Neuman-Kent method of the
range test, or by the Student's t test [12].
Results
In the juxtamedullary zone, the afferent arteriole of any given
glomerulus was consistently wider than the efferent arteriole (P
<0.001) (Table 1). A small and statistically nonsignificant (P>
0.2) decrease in the luminal diameter of the afferent arteriole
was observed in these nephrons during maturation, whereas the
efferent arteriolar diameter increased by about 40% (P < 0.01)
between 1 and 3 weeks of age and did not appear to change
thereafter (P> 0.3). In the adult dog, the efferent arteriole was
found to be larger than the afferent in the juxtamedullary
nephrons [13]. The efferent arterioles of the superficial neph-
rons were also consistently narrower than their afferent coun-
terparts (P < 0.01). There was no significant change in either
afferent or efferent arteriolar diameters of the superficial neph-
rons between 3 and 6 weeks of age (P > 0.2). Assessment of the
changes occurring prior to the age of 3 weeks cannot be made
with validity because the nephrons in the superficial zone of the
3-week-old puppy represent new units, those previously in that
area now being located deeper in the cortex [14—17]. The radius
of the glomerular capillaries did not change significantly as a
function of age, and there were no demonstrable differences
between the superficial and juxtamedullary nephrons in this
regard.
The glomerular tuft volume, calculated from measurements
of tuft diameter, fell in juxtamedullary glomeruli from 124.9
16.6 at I week to 49.0 2.3 x i0 mm3 at 3 weeks of age and
then rose to 68.8 7.5 at 6 weeks and 131.7 17.4 x l0- mm3
at adulthood. The glomerular tuft volume of the superficial
nephrons was 28.9 4.3 and 66.3 2.3 x l0- mm3 in the 3 and
6 week old puppy, respectively, and 140.0 9.1 x l0— mm3 in
the adult. All the differences are statistically significant (P <
0.05).
VGC and SAGC of the glomerular capillaries calculated from
isotope counting are presented in Table 2. As it can be noted,
VGC and SAGC fell in the juxtamedullary nephrons during the
first 3 weeks of life and rose thereafter in both the superficial
and deep cortex. But, by 6 weeks of age, the SAGC was still
significantly smaller than it was in the adult.
The relationship between the growth of the glomerular tuft
(the container), and the capillaries (the content), was assessed
from the changes in glomerular surface density (Svc); that is,
the ratio of SAGC to glomerular tuft volume (Table 2). The Svc
of the juxtamedullary nephrons was found to increase by 3-fold
in the first 6 weeks of life (P < 0.01). Likewise, the 5vc of the
superficial nephrons was found to be less in the 3-week-old than
it was in the 6-week-old (P < 0.001) or the adult animals (P <
0.05). No significant difference between the SVC of 6-week-old
and the adult animals was demonstrable either in the juxtamed-
ullary (P > 0.7) or the superficial glomeruli (P> 0.4).
Validation of the technique. The accuracy of our measure-
ments is dependent on the lack of vascular alterations conse-
quent to fixation, the adequacy of the glomerular capillary
filling, and the existence of a constant relationship between the
amount of the silicone rubber compound present in the vessels
and the radioactivity it generates following neutron activation.
Meticulous care was exerted to assure adequacy of the
fixation and injection techniques. The perfusion of the kidney
was performed at a hydrostatic pressure identical to the mean
arterial pressure previously measured in the animal. The use of
a constant, physiologic pressure has been shown to avoid
disruption in the continuity of the arterioles and to preserve
normal patency of the vessels [18, 19]. The fact that the
perfusion rates needed to maintain the perfusion pressure at
physiologic levels were similar to the rates of RBF previously
observed by us in animals of comparable age [11] strongly
supports the contention that the fixation occurred in the ab-
sence of arteriolar and capillary constriction or of changes in
renal vascular resistance. Although the kidneys of the adult and
6-week-old animals became pale, yellow, and hard within 1 to 2
mm, and those of the younger puppies in about S mm, the
perfusion of glutaraldehyde was maintained for 30 mm. At the
end of that period, all kidneys were well fixed.
Adequacy of capillary filling was assured by the selection of
only those glomeruli that had silicone rubber compound in the
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efferent arteriole. The glomeruli fulfilling this criterion were
found to contain the rubber compound in all capillaries (Fig.
Ia), and examination of fixed, frozen sections of hydrated
specimens demonstrated complete filling of the capillary loops
(Fig. lb). The failure of the rubber compound to occupy the
entire cross-sectional surface area of the capillaries on fixed,
paraffin-imbedded specimens was, therefore, consequent to the
process of dehydration.
The fact that the radioactivity of the specimens reflected
accurately the amount of silicone rubber compound present in
the glomerular capillaries is demonstrated by the direct linear
relationship existent between these two variables in the pieces
of rubber compound isolated from the large vessels (Fig. 2).
Noteworthy are the high correlation coefficient (r 0.98)
observed over a 25-fold range in sample weight, and the fact
that the intercept of the regression line is not significantly
different from zero (P > 0.8).
Fig. 1.High-powerphotomicrographs of glomeruli
chosen for the measurements. a Dehydrated speci-
men. Note the presence of silicone rubber in all
capillaries and in the afferent and efferent arte-
rioles.
Corroborative evidence regarding the accuracy of the results
obtained by neutron activation is provided by comparison with
measurements done by stereologic techniques [20j. In this latter
method, a direct assessment of Svc is used to estimate total
glomerular capillary surface area. The Sv obtained by stereol-
ogy was 242.2 11.4 and 236.5 10.1 mm2/mm3 in the
juxtamedullary nephrons and 232 13.2 and 240 11.4
mm2/mm3 in the superficial nephrons of 6-week-old puppies (N
= 5) and adult dogs (N = 5), respectively.2 These values, on the
average, are only 21.6 4.4% less (P < 0.2) than those
calculated by us from independent measurements of tuft vol-
ume and capillary surface area. The slightly higher values
generated by our method could be explained by the fact that
they include the surface of the glomerular capillary that is
2These measurements were performed by Dr. Jay Bernstein, William
Beaumont Hospital, Royal Oak, Michigan.
'6
A
Fig. 1. b Hydrated specimen. Note the complete
filling of the glomerular capillaries.
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adjacent to the mesangium. Alternatively, the difference might
be the result of a systematic error introduced by the assumption
that the Malpighian body is spherical. It is important to empha-
size that both methods demonstrate no change in after the
first 6 weeks of life in the dog.
Discussion
There is ample evidence that the increase in RBF during
development, which is about 20-fold in the puppy [11, 19, 201, is
due predominantly to a decrease in renal vascular resistance
[21]. Our measurements indicate that these changes occur in
conjunction with small changes in the diameter of the glomeru-
lar arterioles. It is therefore reasonable to assume that most of
the fall in renal vascular resistance observed during develop-
ment is due to opening of new glomeruli, or new glomerular
capillaries, which act as resistors in parallel.
An increase in filtration fraction has been reported to occur
during development [22], and it was presumed to be due
predominantly to a decrease in afferent arteriolar resistance
[23]. Our measurements fail to provide morphologic evidence in
support of this hypothesis. In addition, micropuncture studies
performed in the rat [24, 25] indicate parallel changes in the
afferent and efferent resistance of the superficial nephrons.
Other factors, such as an increase in glomerular capillary
pressure, in hydraulic permeability, and/or in the surface area
of the filtering membrane need to be invoked.
The main objective of this study was the quantification of the
increase in glomerular surface area during development. Using
a new method, which measures directly the capillary volume of
a large number of glomeruli within each zone of the kidney, we
found the SAGC to increase by an average 10-fold in the
superficial glomeruli and 4-fold in the juxtamedullary glomeruli.
Dunnill and Halley [20] reported changes of a similar order of
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Fig. 2. Relationship between the weight (x) and radioactivity (y) of the
silicone rubber reference samples. The regression line is described by
the equation y = 0,31 + 1,85x (r = 0.98, P < 0.0001).
magnitude in the human, whereas Fetterman et al [1] reported
an increase of oniy 2- to 3-fold. The quantitative inconsistency
between these results might be due to the fact that the first
group of investigators used stereographic techniques of analy-
sis, whereas the second estimated glomerular capillary surface
area solely from measurements of tuft diameter and assumed
the to remain constant. Our data demonstrate a 3-fold
increase in Sv of the juxtamedullary glomeruli during the first
6 weeks of maturation in the dog. Olivetti et al [26] were unable
to uncover such changes in growing rats over a 35-day interval.
It is conceivable that failure to study very young animals as well
as the short period of observation may have led to an underesti-
mation of the increase in SA0c. Knutson et al [27] used the
binding of antiglomerular basement membrane antibodies as a
marker of the relative glomerular capillary surface area. They
found a 3- to 4-fold difference in the amount of antibody bound
between rats weighing 50 and 200 g and no further rise thereaf-
ter up to a weight of 400 g. The estimated increase in the overall
glomerular capillary surface area of the kidney closely approxi-
mates the composite value obtained by us in puppies beyond
the age of 3 weeks, the corresponding age of a 50-g rat [28].
The transient decrease in glomerular tuft diameter of the
juxtamedullary nephrons noticed by us to occur in the puppy
between 1 and 3 weeks of age was also observed in rats between
birth and 20 days of age [4] and in the human fetus [16]. The fall
in SAGC that paralleled the change in tuft diameter in the puppy
may be due to a decrease in the capillary diameter. But, note
that the change in diameter amounted to only about 15%,
whereas SA0c changed by 50%. Therefore, a decrease in
capillary length must also be postulated. This may be the result
of functional closure of some of the anastomotic branches of the
glomerular capillary network. There are at least two possible
mechanisms to account for changes in both diameter and length
of the juxtamedullary glomerular capillaries. One, is a decrease
in the glomerular capillary pressure, consequent to changes in
arteriolar resistance and to shunting of blood toward the newly
formed superficial glomeruli; the other is shrinking of the
glomeruli, brought about by a fall in plasma angiotensin levels.
Scanning electronmicroscopy has shown that administration of
angiotensin to adult rats results in an increase in the volume of
juxtamedullary glomeruli and that this effect can be prevented
by pretreatment of the animal with an alpha blocking agent [29].
We have reported that plasma renin concentration, which is
high in the newborn puppy, starts to fall during the second week
of life [30]. Thus, if the effect of angiotensin on the juxtamedul-
lary glomeruli is similar in newborn and mature animals, a
decrease in glomerular volume would be expected to occur
between birth and 3 weeks of age. It should be noted that the
fall in the SAGC of the juxtamedullary glomeruli of the puppy is
only a transient phenomenon. By 6 weeks of age, the SA0c is
almost double that observed at 1 week, with another 2-fold
increase occurring during the remaining period of maturation.
The factors contributing to the ultrafiltration of fluid through
the glomerular capillary membrane are the pressure for ultrafil-
tration (PUF), the hydraulic permeability of the capillary mem-
brane (k), and the surface area of the membrane through which
filtration occurs (S). Changes in these variables should also
account for the approximately 25-fold rise in superficial single
nephron glomerular filtration rate (SNGFR) observed to occur
during the development of most mammals, including the dog
[22]. Measurements of PUF performed in the guinea pig [31] and
the rat [24, 25] indicate that the increase in this force can
account for no more than a 2.5-fold increase in SNGFR. There
is no information available regarding the change in PUF or the
effect of development on k in the puppy. But, unless large
changes in PUF and k are contemplated, the 10-fold increase in
SAGC should play a major role in the age-related rise in GFR. It
is acknowledged that our measurements may overestimate the
capillary surface area used for ultrafiltration because this proc-
ess might not occur in the puppy along the entire length of the
glomerular capillary. This would be similar to what has been
described in the young and adult rat [251, although not in the
adult canine [32]. It is also recognized that our measurements
include the surface of the capillary adjacent to the mesangium,
which, presumably, does not contribute to the formation of
glomerular filtrate. Neither of these factors, however, should
detract from our conclusion because its validity is dependent
solely on the predication that the proportion of the total
capillary surface area through which ultrafiltration can occur
does not diminish during maturation. Our data on Svc as well as
the morphometnc measurements of the filtration membrane
area performed by Olivetti et al [26] in the rat indicate that this
proportion increases. The fact that the 2-fold rise in the
ultrafiltration coefficient (Kf) observed to occur in the rat
between 39 days and adulthood [25] corresponds to an increase
in SAGC of the same magnitude [26] provides further support for
the assumption that a direct cause-and-effect relationship be-
tween these two variables obtains during development. Thus,
the increase in GFR that occurs with maturation appears to be
due predominantly to an increase in S and to a smaller extent to
an increase in PUF; the role played by a change in k appears to
be minimal, if any.
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